LIMITATIONS FOR PLANT YIELD AND GENERAL CONSIDERATIONS
======================================================

Humans often exploit plant organs that serve plants for their persistence. Organs such as seeds, roots, tubers, or fruits contain considerable energy stored as oil, protein, sugar, or starch that allow the plant to start a new life cycle or its offspring to germinate. Seeds frequently are accompanied by or are embedded in fruits which also contribute to reproduction in that animals eat and often spread these fruits. Humans use these nutritious organs as food or feed and thousands of years ago had already started to propagate plants with better qualities by selective breeding. After long phases of selection-, classical and recently SMART (Selection with Markers and Advanced Reproductive Technologies; [@B96]) breeding, the limits of quality or yield enhancement might be almost reached for some crops. In addition to these breeding programs, transgenic plants have been successfully engineered that often outcompete classically bred cultivars, e.g., plants with enhanced resistances against pathogens or herbicides. Although sometimes unacknowledged, especially by the European society, future prospects for transgenic plants being a farmer's first choice are intact. It can be assumed that new generations of transgenic plants also include those which are genetically engineered in their source- and/or sink capacity. These features are closely linked to the harvest index, i.e., weight of the grain (or other harvestable organs) divided by the total plant weight. Indeed, genetically engineered crop plants with changes in source- and/or sink capacities were created which were either impaired (e.g., [@B129]) or improved in yield (e.g., [@B71]), demonstrating the feasibility and putative impact of such approaches on yield increase.

In general, the yield of a given cultivar is limited by several factors, and yield can only be improved by unrestricting these limitations. The challenge therefore is to know the limiting factor(s) of the respective crop.

This view, however, should be extended by referring to what is known about the cross-talk between source- and sink activities. When carbon reserves of storage organs are used up by the newly emerging seedling, photosynthesis begins and atmospheric CO~2~ is assimilated. Given an otherwise optimal supply with water, nitrogen, and other nutrients, only the rate of CO~2~ fixation determines plant growth during the vegetative phase. During further development toward maturation, storage organs are produced. The total of all sink organs then additionally determines the photosynthetic rate, as decreasing demand of the sink tissues for carbon ultimately limits photosynthesis, a phenomenon known as "sink limitation of photosynthesis" ([@B165]; [@B109]; [@B110]; [@B3]). Therefore, retention of the sink tissues to draw photosynthetic carbon would maintain photosynthesis ([@B94], [@B95]).

Here, we describe the allocation of carbon from source- to sink tissues and focus on the metabolite transporters known to be involved. We will also focus on C3 plants as the majority of these transporters have been described from these plant species.

ALLOCATION OF CARBON WITHIN SOURCE LEAVES
=========================================

Production of carbon compounds occurs during photosynthesis in the chloroplasts. When the assimilated carbon exceeds the local need, carbon can then be exported. Net photoassimilate exporting leaves are defined as "source" ([@B173]). However, assimilated carbon can either be transiently stored as starch in chloroplasts or transported to the cytosol. From there, it can be directly exported from the leaf or transported into and transiently stored in the vacuole. From both compartments, chloroplasts and the vacuole, carbon can be exported when sink demand exceeds the actual production via photosynthesis, e.g., and of course during the diurnal cycle (starch release from the chloroplast at night). Transient storage of assimilated carbon in source leaves during the day could be regarded as a valve for excess carbon production and might be important for maintaining a high photosynthesis rate. At the same time, plants need this transiently stored carbon pool during the night to maintain sucrose formation for metabolic processes.

CHLOROPLAST TRANSPORTERS
------------------------

During photosynthesis CO~2~ is assimilated in a series of reactions known as the Calvin--Benson cycle. One of six triose phosphates produced can either be used for starch production or can be exported from chloroplasts to the cytosol for sucrose synthesis or respiration. This export is accomplished by the triose phosphate/phosphate translocator (TPT; "1" in **Figure [1](#F1){ref-type="fig"};** [@B43]; [@B44]) which exports triose phosphates in counter-exchange with orthophosphate (day path of carbon). Knock-out and -down *tpt* mutants and transgenic plants produce high amounts of starch during the day which are then partially degraded again during the day (*Arabidopsis*, tobacco; [@B63], [@B62]; [@B144]; [@B181]; [@B143]) or the following night period (potato; [@B126]; [@B65]). By this, *tpt* mutants and antisense plants manage to grow normally without any aberrant phenotype. Overexpression of the TPT was performed in tobacco using the *Flaveria trinervia* *TPT* gene ([@B62]) and in *Arabidopsis* using the endogenous gene ([@B29]) with only minor effects. When a cytosolic fructose 1,6-bisphosphatase (cFBPase) was simultaneously overexpressed, *Arabidopsis* plants were larger and exhibited a higher photosynthetic capacity ([@B29]). Unfortunately, no information on seed yield was provided. Thus, from this approach it cannot be deduced whether *Arabidopsis* yield could possibly be source-limited.

![**Overview of carbon transport proteins in source leaves.** Transport steps in mesophyll cells (MC), parenchyma cells (PC), companion cells (CC), and sieve elements are depicted indicating their respective mode of action. Squares represent antiporters, circles describe facilitators, pentagons depict symporters, and triangles H^+^-ATPases/PPases. 1, TPT; 2, pGlcT; 3, MEX; 4, TMT and VGT; 5, SUC4/SUT4; 6, ESL1; 7, SWEETs; 8, SUC2/SUT1; 9, SUC3. TP, triose phosphates; Malt, maltose; Glc, glucose; Suc, sucrose; Frc, fructose. Please refer to text for transporter abbreviations.](fpls-04-00231-g001){#F1}

During the night, carbon export from the chloroplast starts with the breakdown of transitory starch and then export of the resulting products maltose and glucose. [@B186] found evidence for maltose as the main product exported from chloroplasts at night and proposed a maltose transporter in addition to the plastid glucose transporter (pGlcT; "2" in **Figure [1](#F1){ref-type="fig"};** [@B183]). Export of maltose is mediated by the maltose transporter MEX1 ("3" in **Figure [1](#F1){ref-type="fig"};** [@B107]). The loss-of-function "maltose excess" mutant *mex1* was impaired in growth, had a light green yellowish appearance and accumulated maltose and starch. Overexpression of the endogenous transporter ([@B107]) as well as the apple (*Malus domestica*) transporter ([@B120]) complemented the mutant phenotype. None of the lines that rescued the *mex1* phenotype displayed any additional aberrant phenotype indicating that *MEX1* overexpression would not lead to increased growth or increased source capacity. Double *mex1*/*tpt-2* or *mex1*/*pglct* but not *pglct*/*tpt-2* mutants displayed an even more severe growth phenotype than *mex1* ([@B30]) as well as a combination of starch synthesis (*adg1-1*) or degradation (*starch-excess 1-3*, *sex1-3*) mutants with *tpt* mutants ([@B144]). The severity of the respective phenotypes differed and the underlying reason is not yet fully understood, however, this might include retrograde signals from the chloroplasts to the nucleus ([@B164];[@B143]).

VACUOLAR TRANSPORTERS
---------------------

In source leaves, sugar can be temporarily stored in vacuoles, e.g., when sucrose export via the phloem is saturated ([@B93]). The designation of sugar storage as "temporary" implies the existence of vacuolar sugar importers and exporters. The types of putative sugar importers known to date have been characterized from *Arabidopsis thaliana*, tonoplast monosaccharide transporters (TMTs; "4" in **Figure [1](#F1){ref-type="fig"};** [@B194]) and vacuolar glucose transporters (VGTs; "4" in **Figure [1](#F1){ref-type="fig"};** [@B4]). Both types of transporters belong to the monosaccharide transporter (-like) gene family, form a sub-clade each ([@B20], [@B21]) and mediate an energy-dependent transport driven by V-type H^+^-ATPases and vacuolar H^+^-PPases. The transport direction by patch clamp technique has been shown to be sugar import into vacuoles for the TMTs ([@B190]; [@B147]), while the function of VGT1 in seed germination and flowering as revealed by analyzing vgt1 mutant plants also indicated glucose import into vacuoles ([@B4]). TMTs have been shown to import sugar in a proton antiport manner ([@B190]; [@B147]), and putative VGT1-mediated glucose import is likely to be also coupled to proton antiport ([@B4]). Whereas initially and in accordance with their name TMTs were thought to transport monosaccharides across the tonoplast membrane ([@B194]; [@B190]) recently it has been shown that also sucrose is transported by TMTs ([@B147]). The *Arabidopsis* genome contains three TMT genes indicating possible redundancy for TMT function. Indeed, when analyzing loss-of-function tmt mutants, only tmt1/tmt2/tmt3 triple or tmt1/tmt2 double knock-out mutants showed impaired uptake of glucose into isolated mesophyll vacuoles ([@B194]) or reduced sugar-induced changes in currents in patch clamp analyses ([@B190]), respectively. Double mutants grew worse, compared to wild-type, and were also impaired in seed yield, whereas double mutants additionally overexpressing the *Arabidopsis* TMT1 under the control of the 35S-CaMV promoter "over"-rescued the mutant phenotype due to higher TMT activity. This led to larger plants with increased seed yield. It was hypothesized that sugar sensing is diminished in overexpressing lines due to an increased import of sugars into the vacuole and -- more importantly -- out of the cytosol. These findings might indicate *Arabidopsis* "yield" to be source-limited ([@B190]). A sink effect, however, cannot be ruled out when using a constitutive promoter for the overexpression of TMT1. One could also imagine a sink effect, in that, sugar is transiently stored in vacuoles of embryo cells to perpetuate sucrose flow to sinks and thus increase sink strength.

Sugar export from the vacuole, on the contrary, is likely to occur in a proton symport manner or, when subcellular concentrations of the sugar to be transported allow for it, can occur by facilitated diffusion. To avoid a futile cycling of sugars into and out of the vacuole and thereby diminishing the proton gradient across the tonoplast, at least one of these processes should be regulated. Indeed, there is evidence for post-translational regulation of TMTs by phosphorylation. A member of the mitogen-activated protein 3-kinase called VH1-interacting kinase (VIK) was found to activate TMTs ([@B191]).

Sucrose transporters of type IV (SUC4/SUT4; "5" in **Figure [1](#F1){ref-type="fig"};** [@B138]; [@B81]; [@B111]) of several species have been found to localize to the vacuolar membrane ([@B38]; [@B121]; [@B39]; [@B111]; [@B145]). The same clade has been designated "type III" by [@B122]. Some of these sucrose transporters have been reported to localize to the plasma membrane ([@B185]; [@B188]; [@B27]; [@B81]). Although still under debate, we only discuss the function of this group of sucrose transporters as vacuolar transporters here. [@B147] were able to measure sucrose-driven proton import into the vacuole under an inverted pH gradient when overexpressing a functional AtSUC4--GFP (green fluorescent protein) construct in the background of the quadruple *tmt1*/*tmt2*/*vgt1*/*vgt2* mutant -- to overcome sugar/H^+^-antiport activities -- using the patch clamp technique. This result can only be interpreted as sucrose/H^+^ co-export from vacuoles mediated by SUC4 *in vivo*. An *Arabidopsis* *suc4* loss-of-function mutant did not display any aberrant phenotype whereas constitutive SUC4 overexpressed seedlings had slightly less sucrose than wild-type ([@B145]). The possible impact of SUC4 under- or overexpressing plants on seed yield was not reported by the authors. In contrast, *sut2* mutants of rice (OsSUT2 belonging to clade IV) had a reduced sugar export ability and accumulated sugars in source leaves which led to several aberrant phenotypes, among them growth retardation, reduction in tiller number and decreased grain weight ([@B39]). These findings are in line with the interpretation that SUT2-mediated export of sucrose from vacuoles is important to sustain source capacity in rice. It remains to be elucidated whether or not the overexpression of SUT2 in rice leads to increased grain yield.

Evidence for a tonoplast hexose exporter has been gathered by [@B196]. The authors mistargeted a slightly mutagenized *Arabidopsis* ESL1, a tonoplast-residing member of the ERD6-like monosaccharide transporters ("6" in **Figure [1](#F1){ref-type="fig"};** [@B20], [@B21]), to the plasma membrane of tobacco BY-2 cells. Glucose transport across the membrane could be measured using ^14^C-glucose. Addition of high concentrations of unlabeled hexoses inhibited ^14^C-glucose transport to different extents depending on the sugar used for inhibition. The transport was found to be independent of a proton gradient, and determination of the *K*~m~ for glucose revealed ESL to be a low affinity facilitator exporting monosaccharides out of the vacuole ([@B196]). *ESL1* is expressed upon drought and salt stress, as are vacuolar invertases that produce hexoses from sucrose. ESL1-mediated export of hexoses from vacuoles might contribute to the plant's attempt to increase the osmotic potential within cells. The *esl1* mutant, however, did not display any aberrant phenotype, perhaps due to redundancy ([@B196]).

Another *Arabidopsis* ERD6-like monosaccharide transporter, ERDL6, has been described as vacuolar glucose exporter by [@B115]. Expression of *ERDL6* is induced when sugars are mobilized, e.g., in darkness, upon heat stress or wounding, and is reduced upon cold stress or external feeding of sugars to the plant. Elevated levels of glucose, but not of fructose and sucrose, were found in *erdl6* mutants, and non-aqueous fractionation revealed a more pronounced glucose increase in vacuoles compared to extra-vacuolar compartments. The opposite effect of lower glucose contents, however, was described for overexpressors either of the endogenous or a homologous sugar beet transporter (BvIMP). Knock-out *erdl6* mutants, however, displayed increased seed yield with elevated sugar, protein, and lipid contents of mature seeds, as had been described for TMT1 overexpressors ([@B190]). It remains elusive if yield increase can be attributed to source or sink effects since *ERDL6* is expressed in leaves and seeds, according to the eFP browser ([@B192]). It also remains to be elucidated whether the mechanism of ERDL6-mediated transport is facilitation -- as found for ESL1 -- or is secondary transport.

Only very recently, the *Arabidopsis* vacuolar sugar exporter SWEET17 has been discovered with help of a quantitative genetics approach ("7" in **Figure [1](#F1){ref-type="fig"};** [@B24]). SWEET17 is the first protein among the SWEET transporter family localized to the tonoplast, all other SWEETs described previously were localized in the plasma membrane ([@B25], [@B26]). Moreover, SWEET17 is the first fructose transporter, other SWEET family members facilitate diffusion of glucose or sucrose ([@B25], [@B26]). The authors were able to demonstrate uptake or efflux of ^13^C-labeled fructose upon expression of SWEET17 in *Xenopus* oocytes. In *sweet17* mutants, fructose contents were enhanced compared to wild-type, and accumulation of fructose was more pronounced in nitrogen-limited or cold-stressed plants. Both growth conditions led to an elevated uptake of sugars into vacuoles mediated by TMTs ([@B190]; [@B147]), and fructose appears to not be released from *sweet17* mutant vacuoles. SWEET17 expression was found in leaves, with the strongest level in xylem vascular tissue, pointing toward a function in fructose allocation within the plant. Accordingly, the only subtle phenotype of *sweet17* mutants was in the reduced size of flower stalks and slightly reduced seed yield ([@B24]).

PHLOEM LOADING, LEAKAGE, AND RETRIEVAL
======================================

When sucrose is exported from source leaves, it has to enter the phloem. Several strategies for the loading of sucrose (and other sugars and sugar alcohols) have been described (for a review, see [@B125]). We have restricted ourselves here to apoplastic sucrose loading when describing the route sucrose takes from source leaves to sinks.

SWEET-FACILITATED SUCROSE EFFLUX INTO THE APOPLAST
--------------------------------------------------

For many years it remained unknown how sucrose is released from mesophyll cells or phloem parenchyma cells into the apoplast prior to loading into the companion cell/sieve element complex. It was recently demonstrated that this release is facilitated by members of the SWEET transporter family, i.e., SWEET11 and -12 from *Arabidopsis* and SWEET11 and -14 from rice ("7" in **Figure [1](#F1){ref-type="fig"};** [@B26]). Facilitation of sucrose efflux without energy consumption can occur due to the concentration gradient between the mesophyll cell/phloem parenchyma cell symplastic continuum and the apoplast has been described to be steep \[40-, 150-, and 750-fold in spinach, barley ([@B89]), and sugar beet ([@B46]; [@B88]), respectively\]. Closing of this gap in source sink carbon allocation was of great importance and accordingly was effusively acclaimed ([@B10]; [@B17]) not only because of the completion of a pathway but also due to enabling new perspectives with respect to genetic engineering of the SWEET proteins. Before sucrose transporting SWEETs had been discovered, other members of the family were found to facilitate efflux of glucose into the apoplast fulfilling a potential role in feeding pathogens residing in the cell wall ([@B25]) with maybe even higher potential for the agricultural industry ([@B156]; [@B10]).

Whereas, single knock-out mutants of AtSWEET11 and -12 did not display any obvious altered phenotype, *Arabidopsis* *sweet11*/*sweet12* double mutants did display an expected phenotype of blocked phloem loading, i.e., smaller plants, elevated levels of leaf starch and sucrose, a reduced export of fixed ^14^C from leaves and reduced growth of sinks (e.g., roots; [@B26]). Rice *SWEET11* and -*14* were transcriptionally induced upon infection with *Xanthomonas oryzae* pv.*oryzae*. This induction is mediated through pathogen-borne effectors binding to *SWEET11* and -*14* promoters. Mutations in the binding sites led to resistance against the pathogen ([@B8]). This finding indicated that increasing SWEET activity would lead to more sucrose in the apoplast on which pathogens could feed and spread. Thus, an overexpression of SWEETs in non-infected plants would most likely also lead to an increase in apoplastic sucrose content. Whether or not SWEET overexpression could enhance source capacity would depend on the plasticity of SUC2/SUT1 transporter ("8" in **Figure [1](#F1){ref-type="fig"}**) activity importing sucrose from the apoplast into phloem companion cells in a sufficient capacity.

PHLOEM LOADING OF SUCROSE
-------------------------

Sucrose is loaded into phloem companion cells and is transported in sieve elements along a hydrostatic pressure gradient driven by active sucrose loading. This enables a mass flow to sink organs with higher pressure in the source leaves and lower pressure in the sinks where sucrose is then unloaded from the phloem ([@B105]).

Because of the extreme difference in sucrose concentration between apoplast and phloem, sucrose loading against this gradient \[630-, 700-, and 15,000-fold in spinach, barley ([@B89]), and sugar beet ([@B46]; [@B88]), respectively\] must be energized. Apoplastic sucrose loading proceeds via a sucrose/H^+^-symport ([@B52],b; [@B79]; [@B34]; [@B19]) using the proton gradient which is established by the plasma membrane-located P-type H^+^-ATPase. Direct evidence for an apoplastic step in sucrose loading into the phloem was provided by the expression of a yeast invertase in the apoplast (cell wall) of *Arabidopsis*, tobacco, tomato, and potato that led to increased carbohydrate levels in mature leaves and a concomitant decrease of photosynthesis ([@B180]; [@B36]; [@B157]; [@B66]) resulting in reduced growth rates. These experiments demonstrated that only sucrose but not hexoses can be loaded into the phloem. The respective SUC2/SUT1 H^+^-cotransporters have been identified by functional complementation of yeast strains unable to grow on sucrose ([@B128], [@B127]; [@B139]). Expression of these transporters was confined to the phloem ([@B127]; [@B49]; [@B172]), and more precisely to companion cells ([@B160]; [@B161]; [@B142]). Functional proof was established by antisense down-regulation of the SUT1 proteins from potato ([@B129]; [@B82]) and tobacco ([@B18]). Knock-out *suc2* *Arabidopsis* ([@B57]) and *sut1* maize ([@B152], [@B151]) plants were characterized and displayed a similar phenotype to that found for the Solanaceae: carbohydrate accumulation in leaves, impaired growth and generally poor development of sinks. Over expression of a modified spinach SUT1 in potato did not lead to increased tuber starch content and yield ([@B83]). This could either be due to the use of a constitutive promoter to drive expression of the *SUT1* gene in mesophyll and phloem parenchyma cells that might have led to an unwanted re-uptake of sucrose from the apoplast into these cells and thus partial prevention of phloem loading. On the other hand, SUT1 activity might not be limiting for sucrose delivery to sink tissues or that potato tuber yield is not source-limited. *Arabidopsis* *suc2* mutants have been successfully complemented with the *Arabidopsis* *SUC1* gene expressed under control of the *AtSUC2* promoter. Some of these complemented lines displayed decreased leaf sucrose content indicative of more effective sucrose loading into the phloem ([@B193]). However, a possible impact on source capacity remains ambiguous since neither carbon export nor seed yield was comparatively analyzed in these plants. By over- and underexpressing the vacuolar TMT in *Arabidopsis* leaves, [@B190] posed an indirect effect on *SUC2* transcripts, sucrose export from leaves and seed yield which have been found to positively correlate with TMT activity. However, it has to be elucidated whether or not TMT or other factors affect SUC2 activity which would in turn be accountable for altered source capacity.

LEAKAGE FROM AND RETRIEVAL OF SUCROSE TRANSPORTED IN THE PHLOEM
---------------------------------------------------------------

Sucrose in the phloem is transported to the sink tissues from the leaves and partially leaks out of the phloem to nourish the surrounding tissue ([@B101]; [@B102]). Whereas the above-ground tissues are green and might be able to support themselves to a certain extent by photosynthesis, the below-ground tissues clearly depend on sucrose leakage out of the phloem. How and where sucrose leaks out of the phloem has not been analyzed in detail. The sieve element/companion cell complex seems to be symplastically isolated ([@B74]) along the whole path of sucrose movement indicating that unloading from the sieve elements and/or companion cells into the apoplast has to be facilitated. It remains to be elucidated whether SWEETs ("7" in **Figure [1](#F1){ref-type="fig"}**) are expressed in sieve elements or companion cells along the phloem and are responsible for this function.

Having entered the apoplast, sucrose then has to be taken up into the symplast again to reach the sink cells that depend on sucrose import. On the other hand, a great proportion of the sucrose that leaked out is retrieved into the sieve element/companion cell complex ([@B60]). In both directions, uptake must be energized ([@B9]), and thus sucrose/H^+^-cotransporters are likely to fulfill this function. In *Arabidopsis*, the role of SUC2 ("8" in **Figure [1](#F1){ref-type="fig"}**) in retrieval of sucrose from the apoplast has been described by complementing the *suc2* mutant with a construct that restored SUC2 function in phloem loading (see above) but not in retrieval. The corresponding plants were smaller and exuded less ^14^C label from cut petioles when leaves photosynthesized in the presence of ^14^CO~2~. These findings are consistent with a role of SUC2 in retrieval of sucrose from the apoplast along the phloem ([@B159]). Analyses using ^11^C tracer studies support this role for AtSUC2 ([@B58]). In addition, localization in the sieve elements of *Arabidopsis* stems argues for a putative role of SUC3 in retrieval ("9" in **Figure [1](#F1){ref-type="fig"};** [@B100], [@B99]). This is in addition to SUC2 which seems to retrieve sucrose back into companion cells. However, it remains unclear which sucrose/H^+^-cotransporters function in taking up sucrose to nourish the tissue surrounding the vasculature.

CARBON UNLOADING AND STORAGE IN SINK ORGANS
===========================================

Unloading of sucrose from the phloem can occur symplastically or apoplastically, depending not only on the plant species but also on tissue types and developmental stages.

OIL STORAGE IN PLANTS
---------------------

Most of the research on plants that store oil in their seed was performed on *Arabidopsis thaliana*. The important seed oil crop canola with cultivars of rapeseed (*Brassica napus*) or field mustard (*Brassica rapa*) belongs to the same family as *Arabidopsis*, the Brassicaceae. However, other plants with oil-storing seeds belong to the Asteraceae family, e.g., sunflower (*Helianthus annuus*), to the Fabaceae family, e.g., soybean (*Glycine max*), or the Arecaceae family, e.g., oil palms (*Elaeis guineensis*, *Elaeis oleifera*, *Attalea maripa*). Oil palms not only store oil in their seeds but also in their fruits.

However, sucrose delivered from source leaves via the phloem has to reach the terminal storage sinks, i.e., seeds and/or fruits, thereby crossing several membranes. Once there, sucrose undergoes a series of metabolic reactions to be stored as triacylglycerol (TAG) in the embryo again including several transport steps of intermediates across membranes. We will focus on *Arabidopsis* to describe the path of carbon from sucrose to TAG in the following paragraphs.

To define the symplastic domains, mobile and immobile versions of the GFP under the control of a variety of promoters as well as the low-molecular-weight fluorescent dye HPTS (8-hydroxypyrene-1,3,6-trisulfonate) were used ([@B146]; [@B162]).

Having reached the funicular end of the phloem, sucrose is unloaded into an unloading domain near the funiculus, and post-phloem transport occurs symplastically into the seed coat ([@B69]), or -- more precisely -- into the outer integument ([@B163]). Before anthesis, phloem unloading of sucrose switches from symplastic in ovule primordia cells to apoplastic in mature ovules and upon anthesis back to a symplastic mode ([@B187]). To progress into the inner integument, sucrose must reach the apoplast which is potentially facilitated by SWEETs. A sucrose/H^+^-symporter could also potentially transport sucrose into the inner integument. SUC3 has been discussed as a likely candidate ([@B163]) since it might be expressed in this cell layer ([@B99]). However, the transfer of sucrose from the outer into the inner integument has not been analyzed in detail. The three layers of the inner integument form a symplastic continuum ([@B163]) isolated from the endosperm. After export from the inner integument, possibly mediated by a SWEET transporter, sucrose could be taken up into the endosperm by SUC5 which is expressed during seed development ([@B13]; [@B163]; [@B114]). Finally, before entering the embryo, sucrose has to be released into the apoplast separating endosperm and embryo. Again, one can speculate of a SWEET transporter family member ("7" in **Figure [2](#F2){ref-type="fig"}**) facilitating diffusion of sucrose out of the endosperm. Sucrose uptake into the embryo could be managed by three different SUC proteins (SUC3, -5, -9; **Figure [2](#F2){ref-type="fig"}**) that are expressed in different embryonic tissues at different developmental stages. With the help of a SUC9 promoter--GUS fusion, SUC9 expression could be detected in the mature embryo ([@B150]). More detailed analyses have been performed for the expression of both SUC5 and SUC3. In addition to the expression of SUC5 in the endosperm, torpedo and walking stick stage embryos express SUC5 in the epidermis of cotyledons ([@B114]). SUC3 is expressed in the suspensor which forms a symplastic continuum with the globular embryo. However, as early as the heart stage, the embryo proper is again symplastically isolated from the suspensor ([@B163]). From the torpedo stage on, SUC3 is expressed in the root epidermis which forms a symplastic connection with root and hypocotyls cells ([@B99]; [@B163]). In almost fully developed embryos, SUC3 is still expressed in the root epidermis but seems to form a symplast with cells of the developing stele. Moreover, individual symplastically isolated cells of cotyledons express SUC3 ([@B163]). However, there seems to be redundancy in the described steps since none of the individual mutants displayed a phenotype different from wild-type. Whereas, there was no aberrant *suc3* phenotype detectable at all ([@B11]), *suc5* mutants displayed a transient decrease in seed TAG accumulation ([@B13]) which might be explained by the biotin transport function of SUC5 rather than the sucrose transport function ([@B114]). Under short-day conditions, *suc9* mutants show an early flowering phenotype but normally are indistinguishable from wild-type ([@B150]).

![**Overview of carbon transport proteins in sink organs.** Transport steps in sieve elements and sink cells are depicted according to their respective mode of action. Squares represent antiporters, circles describe facilitators, pentagons depict symporters, hexagons represent ABC transporters, and triangles H^+^-ATPases/PPases. 2, pGlcT; 3, MEX; 4, TMT and VGT; 7, SWEETs; 10, GPT; 11, BASS2; 12, PPT, 13, DiT2; 14, NTT; 15, ABCA9; 16, Gly3P permease; 17, HT; 18, BT-1; 19, SUF1. (r)ER, (rough) endoplasmic reticulum; TAG, triacylglycerol; PB, protein body; PEP, phosphoenolpyruvate; Pyr, pyruvate; Mal, malate; Glc6P, glucose 6-phosphate; Pi, orthophosphate; ADP, adenosine diphosphate; ADP-G, ADP-glucose; Glc, glucose; Malt, maltose; Frc, fructose. Please refer to text for transporter abbreviations.](fpls-04-00231-g002){#F2}

Once having reached the cytosol of embryo cells, sucrose is utilized to keep up metabolism and ultimately to build up TAG. TAG is formed from glycerol 3-phosphate (Gly3P) and acylated fatty acids in the endoplasmic reticulum (ER) in a series of reactions known as the Kennedy pathway ([@B75]). In plants, fatty acid synthesis takes place exclusively in plastids, and in heterotrophic tissues plastids depend on the import of carbon skeletons, energy and reduction power ([@B119]). Fatty acid synthesis starts from pyruvate that is first converted to acetyl-CoA by the plastidic pyruvate dehydrogenase complex. For synthesizing fatty acids from acetyl-CoA, ATP and NAD(P)H are required and thus have to be imported or generated within plastids. Carbon skeletons can be imported into plastids as glucose 6-phosphate (Glc6P), pyruvate, phosphoenolpyruvate (PEP), or malate. These metabolites are either intermediates of glycolysis, or in the case of malate, a tricarboxylic acid (TCA) cycle intermediate that can be exported from the mitochondria into the cytosol.

Glucose 6-phosphate is imported into plastids by the Glc6P/phosphate translocator (GPT; "10" in **Figure [2](#F2){ref-type="fig"};** [@B72]) in counter-exchange with inorganic phosphate or triose phosphate generated by the oxidative pentose phosphate pathway (OPPP). Plastids isolated from young oilseed rape embryos utilize Glc6P better than pyruvate for fatty acid synthesis whereas plastids isolated from older embryos prefer pyruvate over Glc6P as a substrate for fatty acid synthesis ([@B37]). Moreover, imported Glc6P is also used for starch synthesis or as a substrate of the OPPP which is necessary for the production of NADPH required for fatty acid synthesis. Furthermore, partitioning of Glc6P into the different pathways is dependent on the developmental stage of the embryos ([@B37]). Seeds of *Arabidopsis* and oilseed rape transiently accumulate starch but completely degrade it until they reach maturity ([@B32]; [@B12]; [@B5]). Starch does not accumulate because of photosynthetic activity of the embryo and/or the seed coat, since seeds developing in darkened siliques also show transient starch accumulation ([@B32]). It might be assumed that transient starch accumulation of seeds could be important for final TAG yield of embryos since *Arabidopsis* mutants defective in starch degradation (*sex1*; [@B197]) or biosynthesis (*phosphoglucomutase 1*, *pgm1*; [@B23]) were found to contain 30 ([@B5]) and 40% ([@B112]) less lipid content, respectively. In oilseed rape, the embryo-specific reduction of ADP-glucose pyrophosphorylase (AGPase) activity, i.e., down-regulation of starch synthesis, led to a delay in oil accumulation of developing seeds. However, mature seeds had wild-type seed oil content ([@B176]). [@B7] were able to show that starch turnover of the maternal plant is important for *Arabidopsis* seed TAG yield, and not starch turnover of the embryo itself, i.e., they found a reduction in (mainly nocturnal) source capacity causative for compromised seed TAG content. Nonetheless, Glc6P uptake and partitioning into fatty acid and the OPPP seems to be of major importance since restricting GPT activity by seed-specific antisense expression or RNA interference (RNAi) led to an arrest of embryo development despite the redundancy of carbon skeleton uptake systems of plastids. As mentioned above, pyruvate as a direct substrate for fatty acid synthesis can also be taken up by plastids. The plastid sodium-dependent pyruvate transporter BASS2 was found to import pyruvate into plastids ("11" in **Figure [2](#F2){ref-type="fig"};** [@B48]). Alternatively, pyruvate can be produced from PEP that could either be formed within the plastid stroma ([@B45]) or imported by the PEP/phosphate translocator (PPT; "12" in **Figure [2](#F2){ref-type="fig"};** [@B41]). Moreover, malate can also serve as a precursor for stromal pyruvate. NADP malic enzyme produces pyruvate, CO~2~ and reduction power from malate that could be imported into plastids by the dicarboxylate transporter DiT2 ("13" in **Figure [2](#F2){ref-type="fig"};** [@B124]). However, none of these substrates can fuel the OPPP. Therefore, compromised generation of sufficient reduction power might explain the severity of the GPT antisense or RNAi plant phenotype ([@B6]). Whereas, in *bass2* mutants there was no aberrant phenotype under normal growth conditions, though these were not analyzed for fatty acid or seed TAG content ([@B48]), *ppt1* (*cue1*; [@B85]) mutants display a reticulate phenotype that spoils meaningful yield analyses. The supposed reason for the apparent phenotype is that PPT1 is not only involved in substrate supply for fatty acid synthesis but also important in secondary metabolite production ([@B166]; [@B179]).

DiT2 is essential for photorespiration, in that, *dit2* (*dct*; [@B154]; [@B155]) mutants do not re-assimilate ammonium released during photorespiration due to a lack of glutamate export from plastids and do not survive when grown under ambient CO~2~ concentrations.

As mentioned above, energy has to be imported into heterotrophic plastids to drive -- amongst other processes -- transient starch synthesis and optimal fatty acid synthesis. Plastids import ATP via adenylate translocators (NTTs; "14" in **Figure [2](#F2){ref-type="fig"};** [@B73]) in counter-exchange with ADP and orthophosphate ([@B171]). *Arabidopsis* contains two NTTs and indeed *ntt1/ntt2* double mutants are impaired in seed protein and lipid contents and in seed yield ([@B123]).

Fatty acids up to a length of 18 carbon atoms are produced in plastids. Incorporation of acylated fatty acids into TAG occurs in the ER ([@B87]). Hence, fatty acids have to be exported from plastids presumably by the recently identified fatty acid exporter FAX1 (K. Philippar, personal communication), and imported into the ER, and prior to incorporation into TAG have to be acylated by LACS proteins at the plastid outer envelope membrane ([@B149]). To prevent inhibition of plastid metabolite transporters and thus fatty acid synthesis by cytosolic acyl-CoAs ([@B47]) and to assure efficient TAG production from acyl-CoAs, uptake into the ER should be rapid. Often reported spatial proximity of plastids or plastid stromules (filamentous tubules increasing the plastid surface area) and the ER ([@B141]) might support a short retention time of acyl-CoA molecules in the cytosol. Recently, a transporter taking up free and acylated fatty acids into the ER has been described from *Arabidopsis*. The ABC transporter ABCA9 ("15" in **Figure [2](#F2){ref-type="fig"}**) has been found to localize to the ER, *abca9* mutants had decreased seed weight, total lipid and TAG and were defective in effectively taking up ^14^C-labeled oleoyl-CoA and oleic acid. Moreover, constitutive overexpression of *ABCA9* driven by a constitutive promoter led to enlarged seeds with increased dry weight. The TAG content per seed was increased by 40% compared to wild-type. Since silique number per plant and seed number per silique were similar, overexpression of ABCA9 increased total seed oil per plant ([@B76]). This finding strongly argues for *Arabidopsis* yield to be sink-limited as it seems unlikely that the present expression of ABCA9 in leaves has a positive effect on source capacity. Moreover, it demonstrates that TAG production in the ER of embryo cells is limited by the supply with fatty acids rather than the Gly3P moiety of TAG. Nonetheless, Gly3P has to be imported into or present in the ER for TAG synthesis. This might be achieved by a member of the Gly3P permease family ("16" in **Figure [2](#F2){ref-type="fig"};** [@B118]), by phosphorylation of glycerol and/or by reduction of dihydroxyacetone phosphate. After having passed through the Kennedy pathway, synthesized TAG is stored in oil bodies ([@B68]; [@B64]) and can be used to fuel seedling establishment upon germination.

SUGAR STORAGE IN PLANTS
-----------------------

Some crop plants store sugars in tap roots, stems, and fruits, among them are sugar beet (*Beta vulgaris*), a member of the Amaranthaceae family, sugarcane (*Saccharum* hybrids) belonging to the Poaceae, grape (*Vitis vinifera*), a member of the Vitaceae family, and tomato (*Solanum lycopersicum*) belonging to the Solanaceae family. The former two species store sucrose whereas the latter two mainly store hexoses in vacuoles of roots, storage parenchyma, and fruit cells. Sucrose unloaded from the phloem has to reach these cells, and upon presence of an apoplastic step has to be imported into the cells either as sucrose or, when cleaved by an apoplastic invertase, as hexoses. Moreover, tonoplast transporters have to import sugars into the vacuole.

In young sugar beet tap roots growing with a rapid relative growth rate, sucrose unloaded from the phloem is cleaved by extracellular invertases indicating an apoplastic step in post-phloem transport. In older tap roots, invertase activities decrease and sucrose synthase activity increases ([@B78]; [@B55]). Moreover, in experiments with ^14^C-labeled sucrose fed to mature tap root tissue, there was little evidence for a hydrolytic step preceding sucrose uptake. Furthermore, the uptake of sucrose occurs against a concentration gradient, and thus requires metabolic energy ([@B54]; [@B195]). Vacuolar ATPase inhibitors prevented uptake of sucrose whereas plasma membrane ATPase inhibitors did not ([@B137]) indicating that post-phloem sucrose transport into storage cells of mature tap roots occurs symplastically whereas import into the vacuole is energized by a V-type H^+^-ATPase. This view is supported by analyses of tonoplast vesicles prepared from red beet root vacuoles which were found to hydrolyze ATP during sucrose transport ([@B50]). Sucrose-induced proton export occurred in a 1:1 stoichiometry ([@B51]) consistent with the idea of a sucrose/H^+^-antiporter mediating the import of sucrose into storage vacuoles of sugar beet tap roots. [@B28] described a tonoplast-localized transport protein expressed in leaves and tap roots. However, this transporter turned out to be a homolog of ERDL6, a vacuolar glucose exporter described above (**Figure [2](#F2){ref-type="fig"};** [@B115]).

In sugarcane, repeated sucrose breakdown and re-synthesis before storage in stem parenchyma cells has been described ([@B189]; [@B202]). This "futile cycling" decreases with tissue maturity ([@B16]; [@B174]). In mature internodes of stems sucrose seems to be symplastically unloaded since stem parenchyma cells are separated from the phloem by lignified and suberized cells preventing apoplastic unloading. Movement of the fluorescent tracer dye carboxyfluorescein from phloem to stem parenchyma cells indeed indicates symplastic connections. In younger internodes, a SUC2 ortholog is expressed in cells that are destined to be lignified ([@B117]) indicating an apoplastic step of sucrose unloading at this developmental stage. In mature internodes, sucrose was modeled to accumulate in vacuoles against a concentration gradient ([@B174]). This view was further substantiated by the detection of specialized acidic vacuoles with V-type H^+^-ATPases in the stem ([@B116]), presumably maintaining the proton gradient that might be necessary to accumulate sucrose (against a concentration gradient) in a suggested proton antiport manner ("4" in **Figure [2](#F2){ref-type="fig"};** [@B59]). Both sugar beet and sugarcane have not been functionally analyzed regarding yield limitation, probably partially due to their resistance to be efficiently transformed.

Grape berries also undergo a developmental switch in unloading and post-phloem transport of sucrose. In contrast to sucrose-storing sugar beet and sugarcane, they shift from symplastic to apoplastic sucrose unloading upon onset of ripening as revealed by fluorescent dye analyses. Cell wall invertase activity increases at the onset of ripening, further substantiating apoplastic unloading at this developmental stage ([@B199]). Moreover, [@B40] found that the STP-type hexose transporter VvHT1 ("17" in **Figure [2](#F2){ref-type="fig"}**) is expressed during ripening indicating that some of the sucrose might be apoplastically cleaved by cell wall invertases before being taken up into the cytosol. Sugars accumulate mainly as hexoses in vacuoles of berry cells upon onset of ripening ([@B33]). In a comprehensive approach, [@B2] gave a phylogenetic overview on sugar transporters and also analyzed their expression. Upon the onset of ripening, several hexose transporters, TMTs and SUC11/12 were expressed in berries. SUC11/12 expression in ripening berries was also found in an independent study ([@B92]), and VvTMT2 ("4" in **Figure [2](#F2){ref-type="fig"}**) expression has also been identified as ripening-related by [@B22]. Taken together, expression analyses of several transporters support the finding that vacuolar storage of hexoses occurs by a switch to apoplastic unloading of sucrose upon onset of berry ripening. However, whether source- or sink capacity determines yield of grape berries remains elusive.

Tomato fruits and grape berries behave similarly with respect to sucrose unloading and post-phloem transport. In young tomato fruits, when starch content is built up in plastids of the columella and inner pericarp region of the fruit ([@B130]; [@B140]), unloading is mainly symplastic. Upon the developmental shift to rapid hexose accumulation, also in the outer pericarp region, an apoplastic step is likely to occur ([@B135]) and is linked to an energized uptake of hexoses ("17" in **Figure [2](#F2){ref-type="fig"};** [@B31]; [@B136]) and sucrose (**Figure [2](#F2){ref-type="fig"};** [@B31]). Similar to sugarcane, "futile cycles" involving invertase, sucrose synthase and starch synthesis and degradation seem to be abundant in tomato fruits to sustain sink capacity ([@B106]). The importance of transient starch accumulation for yield -- unlike the above mentioned Brassicaceae seeds -- was demonstrated by [@B14] who analyzed an introgression line with a fruit apoplastic invertase from the wild species *Solanum pennellii* introgressed into *Solanum lycopersicum*. Here, a dramatic increase in starch accumulation in early developmental stages was observed pointing toward partial apoplastic unloading already at younger developmental stages. Introgression lines had higher total soluble solids (TSS), a major determinant of fruit quality for processing ([@B14]). More direct evidence for the importance of transient starch accumulation has been obtained by [@B113] who developed and characterized introgression lines of *Solanum lycopersicum* harboring a wild species *Solanum habrochaites* allele for the regulatory large subunit of AGPase. This led to a large transient increase in starch which accounted for the enhanced amount of TSS and also an increase in fruit size. However, when hexose transporter- (STP-type) mediated uptake of hexoses from the apoplast was impaired by antisense expression of tomato *HT1*, *HT2*, and *HT3* ("17" in **Figure [2](#F2){ref-type="fig"};** [@B97]), yield was decreased. Taken together, these findings point toward tomato yield being limited by sink capacity that can be increased when limitations of photoassimilate import into fruits are abolished.

STARCH STORAGE IN PLANTS
------------------------

Apart from soybean and sugarcane, the most important crops store starch, among them the grasses corn (*Zea mays*), rice (*Oryza sativa*), and wheat (*Triticum aestivum*) belonging to the Poaceae family, and potato (*Solanum tuberosum*), a member of the Solanaceae family. Other starch-storing staple foods are yams (*Dioscorea* sp.), belonging to the Dioscoreaceae, or cassava (*Manihot esculenta*), a member of the Euphorbiaceae. Grasses store starch in the endosperm of their caryopses, popularly called the "grain." Potato, yams, and cassava store starch in tubers, the former tuber is derived from the sprout, the two latter tubers from roots.

In grasses, sucrose released from the phloem in grains symplastically reaches the maternal side of the maternal/filial interface, in wheat described as nucellar projection ([@B42]; [@B108]; [@B80]). At the interface which appears as an endosperm cavity in wheat grains, cells can specialize on the maternal, as well as, on the filial side to transfer cells (characterized by cell wall in growths) to maximize plasma membrane size for release and uptake of sugars. In corn missing such an endosperm cavity, the filial cells can undergo specialization to transfer cells ([@B108]; [@B56]; [@B80]). It can be hypothesized that sugar unloading is mediated by SWEETs ("7" in **Figure [2](#F2){ref-type="fig"}**). To enter the filial tissue, sugars have to be taken up from the apoplast, likely to be mediated by sucrose- or hexose/H^+^-symporters (**Figure [2](#F2){ref-type="fig"}**). In the endosperm, symplastic connections between uptake and storage cells exist ([@B108]).

In cereal endosperm, starch synthesis differs from other starch-storing organs in that most of the AGPase activity is extraplastidic, i.e., cytosolic ([@B35]; [@B169]; [@B15]; [@B70]), requiring an additional uptake system for carbon skeletons into plastids supplementary to the GPT ("10" in **Figure [2](#F2){ref-type="fig"};** [@B72]). Externally supplied ADP-glucose (ADP-G) was found to drive starch synthesis in isolated maize endosperm amyloplasts ([@B104]) while [@B148] found Brittle-1 (BT-1; "18" in **Figure [2](#F2){ref-type="fig"};** [@B167]) to be responsible for the uptake of ADP-G into maize endosperm amyloplasts by including the *bt-1* mutant in the analyses. Direct uptake measurements with the BT-1 from maize endosperm heterologously expressed in *Escherichia coli* cells revealed ADP-G uptake in counter-exchange with ADP ([@B77]). Several approaches to increase starch yield of wheat and corn grains were successful when cytosolic AGPase activity was increased ([@B153]; [@B182]; [@B86]), indicating that ADP-G import and thus BT-1 activity might not be limiting for starch yield. However, in contrast to the notion that photosynthesis is the limiting factor for increased yield (e.g., [@B90]; [@B91]), these results suggest that sink- rather than source capacity limits grain starch yield in cereals.

In potato, starch is stored in tubers from which the plant can vegetatively, i.e., clonally propagate without a filial generation. Tubers are formed from stolons, below-ground lateral shoots. Upon induction of tuberization ([@B131]), stolons start to swell at their apical hook. In non-tuberized stolons, sucrose transported in the phloem is unloaded apoplastically. This view is supported by experiments using carboxyfluorescein trapped in the phloem and ^14^C-labeled assimilates, mainly sucrose, which were evenly distributed in the stolon, i.e., also outside the phloem. Upon tuberization, carboxyfluorescein was able to leave the phloem, but only in the swollen part of the stolon, indicative for symplastic unloading. Taken together, tuberization involves a switch from apoplastic to symplastic phloem unloading ([@B177]). However, this switch is likely to be incomplete because otherwise an impact of apoplastically localized yeast invertase expressed under control of a tuber-specific promoter on metabolism could not be explained ([@B158]; [@B61]). Alternatively, symplastically unloaded sucrose might leak out of sink cells. Again, a yet to be identified member of the SWEET family transporter ("7" in **Figure [2](#F2){ref-type="fig"}**) may be discussed as the facilitator of apoplastic phloem unloading or as the transporter mediating leakage of sucrose. Whether mainly sucrose or hexoses -- produced from sucrose by cell wall invertases -- are imported into sink cells probably by sucrose- or hexose/H^+^-symporters (**Figure [2](#F2){ref-type="fig"}**) remains to be elucidated. It is also unknown which transporters are engaged in this process. Sucrose entering sink cells via the apoplast or plasmodesmata might be further metabolized by sucrose synthase, since invertase activity is gradually reduced, while sucrose synthase activity yielding UPG-glucose and fructose increased during development ([@B61]). A part of the imported sucrose is further used to drive energy production indispensable for anabolic processes such as starch synthesis in heterotrophic tuber tissue. To synthesize starch, carbon skeletons and energy are imported into amyloplasts. Glc6P is imported by a GPT ("10" in **Figure [2](#F2){ref-type="fig"}**) in counter-exchange with orthophosphate or triose phosphate, and ATP generated in mitochondria is imported by the adenylate translocator NTT ("14" in **Figure [2](#F2){ref-type="fig"}**) in counter-exchange with ADP and orthophosphate. Shortage of energy import into amyloplasts as revealed by antisense repression of the adenylate translocator, led to compromised tuber starch content and yield ([@B170]). Overexpression, however, had no impact on starch yield, irrespective of the promoter, constitutive ([@B170]) or tuber-specific ([@B198]), that drove expression of the transgene. Tuber-specific overexpression of a pea GPT also had no impact on tuber starch yield. Only when both carbon and energy supply to plastids was increased simultaneously, mediated by overexpression of GPT and NTT, tuber starch content and yield increased ([@B198]). This indicated that import of carbon and energy co-limit starch yield which appears sink- rather than source-limited under these growth conditions. Moreover, a combined enhancement of sink- and source capacities led to even higher starch yield of triple-transgenic potato plants. The overexpression of GPT and NTT in tubers and additionally either overexpression of an *Escherichia coli* pyrophosphatase in mesophyll cytosol or reduced AGPase activity in leaves increased sucrose synthesis in source tissues ([@B71]). Without simultaneously increasing sink capacity, neither leaf-specific antisense repression of AGPase ([@B84]) nor mesophyll-specific cytosolic overexpression of pyrophosphatase ([@B71]) -- the latter analyzed in field trials and in the greenhouse -- led to an increase in tuber starch yield indicating once more that potato tuber starch yield is sink-limited.

PROTEIN STORAGE IN PLANTS
-------------------------

Members of the Fabaceae family store protein in their seeds, which represent the main plant source for human nitrogen nutrition. However, soybean (*G. max*) is primarily grown to provide oil from seeds, and pea (*Pisum sativum*) seeds contain more starch than protein. Other crop members of the family are bean (*Phaseolus vulgaris*), chickpea (*Cicer arietinum*), and peanut (*Arachis hypogaea*). There are species of families other than Fabaceae which contain reasonable amounts of storage protein in their harvested organs. However, these are mainly grown for their starch (e.g., potato, corn) or oil (e.g., canola). In order to store protein ample nitrogen must be available. Consistently, members of the Fabaceae family living in symbiosis with rhizobial bacteria store protein in seeds as the symbiotic bacteria fix atmospheric molecular nitrogen and supply the host plant with sufficient reduced nitrogen.

In legumes, protein is stored in the embryo in structures known as protein storage vacuoles. Storage proteins are translated at the ribosomes of the rough ER and are co-translationally imported into the ER. The main route from the ER to protein storage vacuoles is via the Golgi ([@B67]). However, the alternative pathway, protein bodies budding off the ER and either remaining in the cytosol or fusing with the protein storage vacuole (as previously described in cereals) also seems to exist in legumes (**Figure [2](#F2){ref-type="fig"};** [@B67]; [@B178]; [@B1]).

Sucrose (and amino acid) unloading from the phloem in legume seeds occurs symplastically. Analyses with fluorescent dyes indicate that sucrose is symplastically transported to the maternal release site, the ground- or thin-walled parenchyma ([@B168]; [@B175]). Sucrose is either simply or through specialized transfer cells released into the apoplast dependent on the legume species ([@B108]; [@B175]). At the younger stages, legume seeds contain a liquid endosperm which acts as a buffer for sucrose and glutamine for the developing embryo ([@B98]). At the expense of embryo growth, the endosperm is substantially degraded during development ([@B108]). At later developmental stages, sucrose is released from maternal tissue to the apoplast and is taken up by embryo epidermal transfer cells ([@B184]; [@B168]). With the discovery of a new class of sucrose facilitators from pea and bean, called SUFs, expressed at the maternal release site, sucrose release into the apoplast is probably mediated by these transporters ("19" in **Figure [2](#F2){ref-type="fig"};** [@B201]). In these same cells, the sucrose/H^+^-symporter SUT1 was found to be expressed and believed to likely function in seed coat sucrose retrieval ([@B168]; [@B201]). At the filial side, uptake of sucrose by the embryo epidermis is mediated by SUT1 (**Figure [2](#F2){ref-type="fig"}**), and uptake is energized by P-type H^+^-ATPases which are both co-expressed in embryo transfer cells ([@B168]). The embryo communicates the demand for sucrose uptake from the apoplast by the internal sugar level. Sucrose uptake fluxes have been found to be negatively correlated with pool sizes of intracellular sugars, while *SUT1* transcripts were sensitive to sugar levels (i.e., when the embryo contains sufficient sugars, *SUT1* is transcriptionally down-regulated), which in turn led to decreased sucrose uptake ([@B200]). To increase the uptake of sucrose into pea embryos, potato SUT1 was overexpressed using a storage parenchyma-specific promoter which resulted in increased sucrose uptake and accelerated growth rates of the embryo. However, final seed weight of transgenic plants was similar to the wild-type. The authors speculate that overexpression at the primary site of sucrose uptake, the epidermal transfer cells, might have led to more significant results ([@B134]). In a different transgenic approach, seed protein content in mature seeds was increased. [@B133] antisense inhibited the *Vicia narbonensis* *GPT1* ("10" in **Figure [2](#F2){ref-type="fig"}**) using a seed-specific promoter. As expected, flux of carbon into plastids and thus into starch and (mainly structural) lipids was found to be decreased. A simultaneous increase in seed protein, however, was not predictable. The authors explain this finding with increased expression of the amino acid permease *AAP1* in transgenic embryos potentially due to lower glutamine concentrations during the main protein storage phase. Glutamine was previously described to repress *AAP1* transcriptionally ([@B103]). Indeed, when AAP1 was overexpressed in seeds of *Vicia narbonensis* and pea, sink strength for amino acids was increased and the amounts of total nitrogen and protein (mainly storage globulins) were increased ([@B132]).

CONCLUDING REMARKS
==================

This review on plant carbon allocation and transport unequivocally demonstrates the increasing importance of sub- and intercellular, as well as, long-distance transport processes. Given the impact of several of the described modifications on yield of various crop plants, we suggest continued work on several of the insinuated and not yet conceived transport steps within plants which frequently turn out to be the rate-limiting steps for the production of valuable compounds in storage sinks.
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